Prox1, the vertebrate cognate of Drosophila Prospero, is a homeodomain protein essential for the development of the lens, liver and lymphatic system. While it is well established that the subcellular distribution of Prospero changes during development, this had not been demonstrated for Prox1. Here, high-resolution confocal microscopy demonstrated that Prox1 protein is predominately cytoplasmic in the lens placode as well as the lens epithelium and germinative zone throughout development. However during fiber cell differentiation, Prox1 protein redistributes to cell nuclei. Finally, as lens fiber cells condense their chromatin in response to lens denucleation, Prox1 remains in the nucleus but does not appear to interact with DNA. Thus, it appears that the function of Prox1, like that of its Drosophila cognate Prospero, is at least partially controlled by changes in its subcellular distribution during development. q
Results
Prox1 is an atypical homeodomain protein related to Drosophila prospero. Homozygous Prox1 knockout mice have defects in the elongation of lens fiber cells , the migration of hepatocytes during liver development (Sosa-Pineda et al., 2000) and the development of the lymphatic system . Prox1 mRNA is first detected in the lens placode and later in the lens of mouse, chicken and zebrafish embryos (Glasgow and Tomarev, 1998; Oliver et al., 1993; Tomarev et al., 1996) . Later, the expression pattern of Prox1 becomes complex with expression in the neural retina, developing brain, liver and lymphatic system (Belecky-Adams et al., 1997; Sosa-Pineda et al., 2000; Torii et al., 1999; .
In mice, Prox1 protein is first detected at 9.5 dpc in the cytoplasm of the lens placode and adjacent head ectoderm (Fig. 1a, b) . At 10.5 dpc, significant nuclear Prox1 is detected in the posterior portion of the lens pit (Fig. 1c) , while Prox1 is found in both cytoplasm and nuclei in the walls of the lens pit which give rise to the lens epithelium (Fig. 1d) . Note that the staining in the head ectoderm that will give rise to the corneal epithelium has decreased substantially. At 11.5 and 12.5 dpc, intense Prox1 staining is detected in the nuclei (excluding the nucleoli) in the posterior portion of the lens vesicle (Fig.   1e ,h,i) while both cytoplasmic and nuclear Prox1 staining is still detectable in the presumptive lens epithelium (Fig.  1f,g ). At 16.5 dpc (Fig. 1j,k) , the pattern is similar to that at 12.5 dpc, however, Prox1 staining in lens fiber cell nuclei in deep layers is seen in discrete nuclear zones excluded from DNA (Fig. 1l) . Further, this general pattern was observed in the mouse lens well into adulthood (data not shown). Thus, it appears that Prox1 protein is found in the cytoplasm (and to a much lesser extent the nucleus) of mouse lens epithelial cells, in the nucleus associated with DNA in the transition zone, and in nuclear regions excluded from DNA in mouse lens fiber cells which have initiated chromatin condensation.
In order to determine whether the differential localization of Prox1 in the lens is observed in other vertebrates, Prox1 immunohistochemistry was performed on rat ( Fig. 2a,d ,g-i), human ( Fig. 2b ,e) and chicken lens (Fig. 2c,f) . In all three cases, Prox1 protein was detected in both the cytoplasm and nucleus of lens epithelial cells (Fig. 2a-c ) and appeared to both increase in levels and concentrate in the nuclei of newly differentiating lens fiber cells ( Fig. 2d-f) . Further, in all four species examined, Prox1 protein was excluded from chromatin in deep cortical fibers undergoing nuclear condensation ( Fig. 2g-i ; data not shown). In contrast, cMaf, another protein known to be essential for lens fiber cell differentiation (Kawauchi et al., 1999; Ring et al., 2000) was strictly associated with the nuclei of lens epithelial cells (Fig. 2j-l) .
Notably, Prospero, the Drosophila cognate of Prox1, is also often found in the cytoplasm of proliferating and undif- (01)00645-1 www.elsevier.com/locate/modo ferentiated precursors, relocalizing to the nucleus of postmitotic, differentiating cells (Li and Vaessin, 2000) . In the larval central nervous system, Prospero is first seen in the cytoplasm of the neuroblast and relocalizes to the cortical crescent, which is asymmetrically distributed to the ganglion mother cell (Hirata et al., 1995; Knoblich et al., 1995; Spana and Doe, 1995) . Since the amino acids responsible for the localization of Prospero to the cortical crescent are not conserved in Prox1 (Hirata et al., 1995; Tomarev et al., 1996) , it is not surprising that Prox1 does not localize to a discrete region of cytoplasm. However, in Drosophila adult sensory organ precursors, Prospero protein is evenly distributed in the cytoplasm of proliferating cells while nuclear Prospero was only found in postmitotic thecogen cells (Manning and Doe, 1999; Reddy and Rodrigues, 1999) . Interestingly, the control of Prospero localization has been recently attributed to the presence of a nuclear export signal in the homeodomain whose function is controlled by the conformation of the prospero domain (Demidenko et al., 2001) . Since the homeo-and Prospero domains are well conserved between Prox1 and Prospero (Tomarev et al., 1996) , it seems likely that Prox1 uses a similar mechanism. Higher magnification of the area boxed in panel (J), note that significant nuclear Prox 1 in lens fiber cells beginning terminal differentiation is not co-localized with chromatin. Bar ¼ 6 mm. Green, DNA; Red, Prox1; Yellow, overlap. Abbreviations: ov, optic vesicle; pl, lens placode; pr, presumptive retina; lp, lens pit; pc, presumptive cornea; tp, tip of the lens pit; lv, lens vesicle; pe, presumptive lens epithelium; pf, primary lens fibers; e, lens epithelium; c, cornea; r, retina; f, lens fibers; t, transition zone. Arrowheads, regions of nuclear Prox1 excluded from DNA.
Materials and methods

Tissue collection
All mouse embryos were obtained from timed pregnant matings of FVB/N mice (Taketo et al., 1991) with noon of the date that the vaginal plug was observed defined to be 0.5 days post coitum (dpc). Rat eyes were isolated from 14-day post natal (dpn) Long-Evans rats. Chicken lenses were isolated from 11 day single comb white leghorn embryos.
Human lenses were isolated from donor cadaver eyes by the Oregon Lions Eye Bank (Portland, OR).
Immunohistochemistry
An affinity purified rabbit polyclonal antibody raised against the C-terminal homeo-and Prospero domains of human Prox1 (Belecky-Adams et al., 1997) was used at a 1:200 dilution to detect Prox1 protein and a polyclonal anticMaf antibody (Santa Cruz Biotechnology, Santa Cruz, CA) was used at a 1:50 dilution to detect cMaf. The primary antibodies were detected using goat anti-rabbit IgG conjugated to Alexafluor 568 (Molecular Probes, Eugene, OR) and nuclei were detected using the nucleic acid stain Syto13 (Molecular Probes). A detailed protocol may be found in Reed et al. (2001) ).
